We present a systematic study of the sensitivity of quasielastic neutrino-nucleus cross sections at intermediate energies to the strange quark sea of the nucleon. To this end, we investigate the impact of the weak strangeness form factors on the ratio of proton-to-neutron knockout, the ratio of neutral-to-charged current cross sections, on the Paschos-Wolfenstein relation, and on the longitudinal helicity asymmetry. The influence of axial as well as vector strangeness effects is discussed. For the latter, we introduce strangeness parameters from various hadron models and from a recent fit to data from parity violating electron scattering.
discussed. For the latter, we introduce strangeness parameters from various hadron models and from a recent fit to data from parity violating electron scattering.
In our model, the nuclear target is described in terms of a relativistic mean-field approach.
The effects of final-state interactions on the outgoing nucleon are quantified within a relativistic multiple-scattering Glauber approach. Our results are illustrated with cross sections for the scattering of 1 GeV neutrinos and antineutrinos off a 12 C target.
Folding with a proposed FINeSSE (anti)neutrino energy-distribution has no qualitative influence on the overall sensitivity of the cross-section ratios to strangeness mechanisms. We show that vector strangeness effects are large and strongly Q 2 dependent. 
I. INTRODUCTION
In recent years, the role of the strangeness content of the nucleon has been the subject of numerous experimental and theoretical studies. These efforts aim at determining the role of the strange quark sea in the nucleon's axial current and in its charge and magnetization distributions.
Measurements of the strange vector form factors in parity violating electron scattering in hyperon β-decays and extrapolation of the spin structure function to vanishing Bjorken x. In PVES the heavily suppressed axial strangeness contribution is veiled by radiative corrections. These are not present in weak processes.
Neutrino scattering experiments are considered to be the optimal tool for extracting information about the contribution of strange quarks to the axial current. As in electromagnetic processes, ratios are often used to enhance the sensitivity of experimental data to strangeness parameters and reduce uncertainties related to nuclear effects. An important effort in this direction was the Brookhaven E734 experiment [15] that measured neutrino and antineutrino scattering off protons in the range 0.4 (GeV/c) 2 ≤ Q 2 ≤ 1.1 (GeV/c) 2 , and used the ratio of neutral-to-charged current cross sections to extract information on the strange spin of the proton. Unfortunately, its results suffer strongly from experimental uncertainties.
More recent reanalyses [16, 17, 18] point to ∆s values of approximately ∆s ≈ −0.21, but the systematic errors on the data are too large to provide conclusive results. The proposed
FINeSSE experiment plans to improve on this by measuring the neutral-to-charged current ratio in the range 0.2 (GeV/c) 2 ≤ Q 2 ≤ 1.0 (GeV/c) 2 [19] with higher statistics and substantially reduced errors. The MINERνA experiment aims at high-precision measurements of neutrino scattering cross sections, and would be well-suited to examine the Q 2 evolution of the strangeness form factors in quasielastic scattering at Q 2 ≥ 1(GeV/c) 2 [20]. BooNE may be able to contribute to this work through an analysis of the neutrino-minus-antineutrino neutral-over-charged current cross-section ratio [21] .
As pointed out in Ref. [16] , one of the major sources of uncertainties in strangeness studies is the mutual influence of vector and axial strangeness on each other, in their effect on cross sections and cross-section ratios.
Hence, a combined analysis of the PVES and neutrino-scattering data is a prerequisite for a thorough understanding of the proton's strangeness properties [16] .
Hadron models have made widely different predictions for the vector strangeness quantities [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] . Several recent theoretical studies of neutrinonucleus scattering at intermediate energies [33, 34, 35, 36] highlighted particular aspects of the strangeness glimpses that can be caught in quasielastic neutrino-scattering experiments.
In this paper, we aim at providing a more systematic overview of the sensitivity of various neutrino cross-section ratios to the nucleon's strange quark content. Next to the well-studied ratios of proton-over-neutron knockout and neutral-over-charged current cross sections, we look into the influence of strangeness on the Paschos-Wolfenstein relation and the longitudinal helicity asymmetry. We study the strangeness effects on these ratios as a function of the kinetic energy of the ejected nucleon, and pay attention to the Q 2 dependence of the strangeness impact. As the influence of the vector and the axial strangeness on neutrino cross-section ratios is strongly intertwined, we compared the Q 2 dependent behavior of these ratios for different hadron models for the vector strangeness parameters and for a fit to the G0 data [1] . Strong effects from the vector strangeness make the extraction of the axial strangeness properties of the nucleon from ratios of neutrino-nucleus responses a challenging task.
In the following two sections, we present the formalism used to describe the neutrino scattering processes and the parameterization of the nucleon's strange quark sea. Section IV illustrates the influence of strangeness on different cross-section ratios for 1 GeV neutrino and antineutrino scattering off 12 C. Finally, in Section V we show some results for FINeSSE, and discuss the sensitivity of the ratios to the strangeness parameters as a function of fourmomentum transfer in section VI.
II. NEUTRINO-NUCLEUS SCATTERING AT INTERMEDIATE ENERGIES
A full derivation of (anti)neutrino-induced one-nucleon knockout cross sections can for example be found in Ref. [39] . The one-fold differential cross section is given by
with M N , T N and k N the mass, kinetic energy and momentum of the ejectile, M A and M A−1 the mass of the target and residual nuclei. The direction of the outgoing lepton and nucleon is determined by Ω l (θ l , φ l ) and Ω N (θ N , φ N ). The recoil factor is denoted by f rec .
The quantity σ M is the weak variant of the Mott cross section
for neutral current processes, and
for charged current reaction. In these equations, G F is the weak interaction Fermi coupling constant, θ c the Cabibbo angle, M Z and M W the weak boson masses, M ′ l the mass of the outgoing lepton, ε ′ the energy of the outgoing lepton, and Q 2 = −q µ q µ the transferred four momentum. In Eq.
( 1), v L , v T and v T ′ are the longitudinal, transverse and interference kinematic factors and R L , R T and R T ′ the accompanying structure functions, reflecting the influence of nuclear dynamics on the scattering process [39] . The helicity of the incoming neutrino is denoted by h. The basic quantities in the computation of these response functions are the transition matrix elements J µ . Within an independent-nucleon model and adopting the impulse approximation, the matrix elements of the weak current operator J µ can be expressed as
with φ B ( r) and φ F ( r) the relativistic bound-state and scattering wave functions, respectively.
In our numerical calculations, bound-state wave-functions are obtained within the Hartree approximation to the σ − ω model [40] , adopting the W1 parameterization for the different field strengths [41] .
The influence of final-state interactions (FSI) on the ejected nucleon is examined adopting a relativistic multiple-scattering Glauber approximation (RMSGA) [39, 42] . As a semi- This results in a scattering wave function that can be written as
with φ k N ,s N ( r) a relativistic plane wave. In the limit of vanishing final-state interactions (G = 1) , the formalism becomes equivalent to the relativistic plane wave impulse approximation (RPWIA) [36, 39] .
III. STRANGENESS IN THE NUCLEON AND THE WEAK INTERACTION
The weak one-body vertex function related to the nuclear currents of Eq. (4) is used in its cc2 form :
where F Z 1 is the weak Dirac, F Z 2 the weak Pauli, G A the axial and G P the pseudoscalar form factor. Strangeness contributes to the form factors for weak neutral-current processes. The axial form factor then becomes
with g A =1.262, and M A = 1.032 GeV. The isospin operator τ 3 equals +1 for protons, -1 for neutrons.
The neutral-current vector form-factors are parameterized as (8) in terms of the electromagnetic form factors F 
with cut-off parameters M 1 =1.30 GeV and M 2 =1.26 GeV. The strangeness parameters r 2 s and µ s predicted by various hadron models are summarized in Fig. 1 and Table I . The list is incomplete, more studies can for example be found in Refs. [26, 27, 28, 29, 30, 31, 32] . The presented models were selected so as to span the whole range of values in the predictions for r 2 s and µ s . Contrary to experimental results hinting at small positive µ s , the model predictions exhibit a tendency towards a mildly negative strangeness magnetic moment and a small negative strangeness radius. As Fig. 1 illustrates, the effect of strangeness on the electric and magnetic Sachs form factors
can be considerable. The model predictions are compared with the fit to the G0 data of
Ref. [1] . Apart from the G (9) and (10), combined with the CQS vector strangeness values seems consistent with the data for 
IV. STRANGENESS IN QUASIELASTIC NEUTRINO-NUCLEUS SCATTERING
The effect of a non-vanishing strange quark contribution to the axial and weak vector form factors on neutral current neutrino-and antineutrino-induced cross sections is shown in is essential to differentiate between protons and neutrons. The effects stemming from the strange sea-quarks tend to cancel when summing over proton and neutron contributions.
The opposite influence of strangeness on proton and neutron knockout processes can be exploited when selecting the ratios that are most suitable for the extraction of strangeness information from neutrino scattering data. The ratios
indeed use the differences in proton and neutron strangeness form factors to maximize the strangeness asymmetry that can be obtained by combining cross sections.
The left panels of We examined the behavior of the proton-to-neutron ratio R p/n for the (r From an experimental point of view, the use of the proton-to-neutron ratio is tedious due to the difficulties inherent to neutron detection. Therefore, it is often proposed to replace R p/n by the ratio of neutral current over charged current (CC) cross sections
Again, the difference between isoscalar and isovector contributions in numerator and denominator is exploited to highlight the influence of strangeness. Compared to R p/n , the neutral-current proton-knockout cross section in the numerator remains unchanged, but the denominator is replaced by charged-current cross sections, that are more easily assessed experimentally. This reduces the strangeness effect compared to the one observed for the R p/n ratios. Indeed, instead of a ratio of quantities with a completely opposite behavior towards strangeness, the isovector denominator is blind to the strangeness content of the nucleon.
Figs. 5 and 6 provide a systematic study of the sensitivity of R N C/CC to g s A , µ s and r 2 s . Qualitatively, the behavior of the R N C/CC ratios is very similar to that of R p/n . Still, the cross-section ratios are smaller and the overall effect of strangeness is reduced. This lowered sensitivity is most pronounced for g In Refs. [35, 45] it was suggested that the ratios
can be useful in disentangling the strangeness properties of the nucleon. In deep inelastic scattering the above ratios are referred to as the Paschos-Wolfenstein relation (PW) and used to determine the weak mixing angle θ W . Fig. 7 illustrates that they exhibit a sizable sensitivity to the strangeness content of the nucleon. Further, the influence of strangeness on the PW relation for protons and neutrons is opposite. Whereas the effect of g s A on the R P W ratios is relatively modest, their sensitivity to µ s and r Although its measurement would be extremely challenging, the longitudinal polarization asymmetry A l is an interesting quantity. It is defined as the difference between cross sections for nucleon ejectiles with opposite helicities, normalized to the total neutral-current nucleonknockout cross section [36, 37] . In terms of differential cross sections for proton knockout processes this results in
The peculiar structure of these quantities, combined with the fact that the neutrino projectiles are fully polarized, allows one to select particular contributions to the hadron response. A ν l is unmatched as a filter for axial strangeness effects, and exhibits an even stronger sensitivity to the vector strangeness form factors.
V. FINESSE
As actual neutrino experiments will employ neutrinos of a quite broad energy distribution rather than a monochromatic neutrino beam, we repeated the analysis of R ν N C/CC , folding the cross sections with an appropriate experimental neutrino energy spectrum. FINeSSE aims at probing the strangeness content of the nucleon at low Q 2 , using the neutral-tocharged current cross-section ratio. As shown in Fig. 9 , the proposed neutrino beam has an average energy of 700 MeV, with tails up to 2 GeV. The flux-averaged differential cross section is defined as
with Φ(ε) the typical FINeSSE (anti)neutrino spectrum. 
with R representing the ratios R p/n , R N C/CC , R P W or the helicity asymmetry A l . Fig. 11 highlights the effect of the strangeness form factors on ratios of integrated cross sections and compares the sensitivity of these ratios to the different strangeness parameters. Clearly, the antineutrino helicity asymmetry A ν l has no equal when it comes to probing strangeness effects. It is the sole quantity that is more sensitive to the vector than to the axial strangeness In conclusion, we provided a systematic overview of the sensitivity of neutrino crosssection ratios to the strange quark content of the nucleon. We presented a variety of (anti)neutrino cross-section ratios and compared the influence of axial as well as vector strangeness in terms of ejectile energies and Q 2 values. The longitudinal helicity asymmetry for antineutrinos is most sensitive to strangeness effects. In general, antineutrino-induced processes exhibit a more outspoken strangeness sensitivity than their neutrino counterparts.
The overall sensitivity of R N C/CC ratios to strangeness effects is considerably smaller than that of R p/n , but at small Q 2 , the strangeness contributions to R N C/CC are more strongly dominated by the axial channels.
Although neutrino scattering is usually regarded as an excellent lever for extracting information about the axial strangeness, strange vector form factors have a remarkably strong influence on these ratios. Whereas in PVES the tininess of the axial strangeness effects impedes the determination of g s A , in neutrino scattering a thorough understanding of vec-tor strangeness effects is a prerequisite for extracting information on the axial strangeness.
Hence a combined analysis of parity-violating electron scattering and neutrino-induced processes would offer the best prospects for a thorough understanding of the influence of the nucleon's strange quark sea on electroweak processes. (9) and (10) . The adopted values for r 2 s and µ s are those of four different hadron models (VMD [22] , KΛ [23] , NJL [24] and CQS(K) [25] ) and can be found in Table I . The dashed-dotted curve represents the fit to the G0 data of Ref. [1] , the 1σ error bars [1] are indicated by the shaded region. The lower panel shows the combination G s E + ηG s M for different hadron models and experimental data. [22] , KΛ (long-dotted) [23] , NJL (short-dotted) [24] and CQS(K) (short dot-dashed) [25] . (long-dotted) [23] , NJL (short-dotted) [24] and CQS(K) (short dot-dashed) [25] . , as a function of the strangeness form factors g s A , µ s and r 2 s for 1 GeV neutrino scattering off 12 C. , for g s A = −0.19, combined with the vector strangeness form factors provided by the hadron models VMC, KΛ, NJL, and CQS. The incoming neutrino energy is 650 MeV, very close to the average neutrino energies proposed for FINeSSE, 12 C is the target nucleus.
